ABSTRACT The tarnished plant bug, Lygus lineolaris (Palisot de Beauvois), is a highly polyphagous insect pest. It is the most widely distributed Lygus species in North America, and it is the most prevalent member of the genus Lygus in the eastern half of the continent. We sampled multiple populations of L. lineolaris from three disparate regions of North America, and used parts of the mitochondrial genes cytochrome oxidase 1 and cytochrome oxidase 2 as markers to assess intraspeciÞc diversity of this species. Results indicated that there is an association between genetic population structure and geography. Neighbor-joining, maximum parsimony, Bayesian inference analysis, and maximum likelihood trees suggested that most L. lineolaris individuals belong to two closely related clades showing sympatric distribution. Mitochondrial DNA haplotypes common to widely dispersed populations were observed. Morphological identities of Þve L. lineolaris samples that formed an outlier clade indicated incongruence between morphological identity and genetic data. Individuals from the two major clades and one disparate clade did not exhibit recognizable morphological differences. No strong host plant associations were observed among clades, thus, genetic structuring in this species appears to mostly be geographically based. This study represents the Þrst attempt to survey cytochrome oxidase 1 and cytochrome oxidase 2 variation within L. lineolaris and to use those genes to construct a molecular phylogeny for this species.
important species from 55 plant families (Young 1986) .
Despite its economic importance, information related to distribution and intraspeciÞc genetic diversity of the most common North American Lygus species, L. lineolaris, is extremely limited. The rapid evolution rate of mitochondrial DNA (mtDNA) sequences can be useful in intraspeciÞc studies (Avise 2000) . Mitochondrial DNA variation can be used in determining phylogeographic and historical patterns (Avise 1994) , and both mitochondrial gene trees and species trees are often congruent (Moore 1995) . Such variation has been used to characterize intraspeciÞc phylogeography of many insects, including the bird cherry-oat aphid, Rhopalosiphum padi L. (MartinezÐTorres et al. 1997) ; sheep blowßies, Lucilia cuprina (Wiedemann) (Gleeson and Sarre 1997) ; phlebotomine sand ßies, Lutzomyia shannoni Dyar (Ready et al. 1997) ; northern corn rootworm, Diabrotica barberi Smith & Lawrence (Roehrdanz et al. 2003) ; and European meadow grasshopper, Chorthippus parallelus Zetterstedt (Lunt et al. 1998) . Molecular data obtained from mtDNA analysis can also be useful in assessing species boundaries when morphological identiÞcation of a species is uncertain (Sperling and Hickey 1994 , Brower 1996 , Caterino et al. 2000 , Templeton 2001 , Kerdelhué et al. 2002 , Hebert et al. 2003 , Wahlberg et al. 2003 , Roe and Sperling 2007 .
The current body of literature lacks information on molecular genetics of L. lineolaris. Therefore, the population diversity of this species in North America is not well understood. Regional genetic variation could exist among L. lineolaris populations, but the current level of understanding of the potential diversity of L. lineolaris in the mosaic of crops grown in eastern North Dakota and western Minnesota, as well as among those from other localities in North America, is limited. Because some morphological characters in L. lineolaris do not appear to be consistent, the development of reliable species identiÞcation tools could provide a better understanding of L. lineolaris diversity and population phylogeny.
One of the objectives of this study was to characterize the genetic diversity of L. lineolaris in the Red River Valley (RRV) agricultural production area of the northern Great Plains. In addition, this study was aimed at comparing levels of genetic diversity within and among populations of L. lineolaris from other biogeographic regions in North America (e.g., RRV, Gulf Coast, northeastern United States, and Canada) to characterize geographic variation.
Materials and Methods
Specimen Collections. L. lineolaris adults and nymphs were collected from multiple host plant habitats in North America ( Fig. 1 ; Supp. Table S1 [online only]). Three regions with more extensive collection sites are shown in Fig. 2 . All specimens used in the study were identiÞed to sex and species using published references and morphological keys Foottit 1998, Mueller et al. 2003) . Specimens for evaluations and vouchers were preserved individually in sterile 1.5-ml microcentrifuge tubes containing 1,000 l ethanol (96 Ð100% concentration) and stored at Ϫ80ЊC at the United States Department of Agriculture-Agriculture Research Service (USDAÐARS) Red River Valley Agricultural Research Center (RR-VARC), Biosciences Research Laboratory in Fargo, ND. A unique specimen number was assigned to each tube and DNA samples were linked to these numbers. DNA Isolation. QIAGEN DNeasy Blood & Tissue Kits (QIAGEN Sciences, Germantown, MD) were used to isolate DNA for polymerase chain reaction (PCR) ampliÞcations according to the manufacturerÕs protocol. Total genomic DNA was extracted from either three legs on one side of an insect or part of its abdomen, excluding the last four abdominal segments. The remainder of each specimen was preserved as a voucher for further DNA extraction and for reexamination of species identiÞcation if necessary. A Microcon centrifugal Þlter device (Millipore Corporation, Billerica, MA) was used to increase the DNA concentration by removing excess water via centrifugation at room temperature (i.e., 25 Ϯ 1ЊC) in an Eppendorf 5417C microcentrifuge (Brinkmann Instruments, Inc., Westbury, NY). The DNA was stored at 4ЊC pending analysis.
PCR Amplification of mtDNA. The cytochrome oxidase 1 and cytochrome oxidase 2 (i.e., cox1 and cox2) Table 1 . OE (triangle) Red River Valley of the North, ࡗ (diamond) Gulf Coast, ૺ (star) Northeast, and • (circle) Other sites. Locations were originally plotted in Google Maps. Those points were opened in Google Earth, and saved as a keyhole markup language (KML) Þle. The ArcGIS Desktop 10 "KML To Layer" ArcToolbox (ESRI Inc., Redlands, CA) conversion tool was used to convert the KML Þle to an ESRI geodatabase feature class. Maps were drawn using ESRI ArcMap 10.
portion of the mtDNA was used to ascertain maternal lineages. Long PCR reactions were used to obtain an Ϸ1,503-bp fragment overlapping the mitochondrial cox1 and cox2 genes (Roehrdanz 1995, Roehrdanz and Degrugillier 1998) . The PCR primers used were C1-RLR (C1-J-2195) 5Ј-TTGATTTTTT GGTCATCCAG AAGT-3Ј (Roehrdanz 1993 ) and C2 (C2-N-3662) 5Ј-CCACAAATTT CTGAACATTG ACC-3Ј (Simon et al. 1994) . PCR reactions of 100 l were carried out in a PerkinElmer DNA Thermal Cycler 480 (PerkinElmer Table S1 (online only). Maps prepared as described for Fig. 1. Inc., Norwalk, CT) using polymerase rTth DNA, XL enzyme (Roche [Applied Biosystems], Foster City, CA). Negative controls were used for detection of possible contamination.
Because the 1,503-bp amplicons required multiple sequencing reactions to obtain the complete sequence, new mitochondrial primers (C1Ð 460: 5Ј-ACTATCAATA GGAGCTGTAT TTGCC-3Ј; and C2Ð 3541: 5Ј-TGAATTACAT CAGATGATGT AACTAG-3Ј) were designed within the 1,503-bp fragment to span the region of highest variation and they were used for standard PCR. A smaller amplicon was obtained and directly sequenced, resulting in a 768-bp long sequence. The 768-bp region contains the 3Ј end of cox1 (1Ð355 bp), the 5Ј end of cox2 (417Ð768 bp), and the intervening transfer RNA (tRNA) Leucine2 gene, tRNA Leu2 (351Ð 416 bp) . The amplicons were observed using agarose gel electrophoresis and ethidium bromide staining. Images were documented using a Gel Logic 200 Imaging System (Carestream Molecular Imaging, New Haven, CT) and a Sony UP-D895MD (Sony Electronics, Inc., San Diego, CA) digital monochrome printer. The amplicons were puriÞed using a QIAprep Spin Miniprep Kit (QIAGEN Inc., Valencia, CA) as per the manufacturerÕs protocol.
Cloning and DNA Sequencing. A TOPO TA Cloning Kit (Invitrogen Corp., Carlsbad, CA) was used for cloning the 1,500-bp PCR products. DNA extracts of the clones were obtained using a Promega Wizard Plus SV Minipreps DNA puriÞcation system (Promega U.S., Madison, WI). TOPO clones of the 1,500-bp amplicon were sequenced from primer sites located in the vector. Direct sequencing of 768-bp PCR products was carried out by using the PCR primers as sequencing primers. Sequencing was performed at one of the following: 1) Iowa State University DNA Facility, Ames, IA; or 2) USDAÐARS Integrated Biomolecular Resources, Eastern Regional Research Center, Wyndmoor, PA.
DNA Data Processing and Sequence Analysis. Multiple sequence alignments were obtained by using Vector NTI Advance (v. 10.3) (Invitrogen Life Technologies, Carlsbad, CA) or ClustalX (v. 1.8.1). Neighbor-joining (NJ), maximum composite likelihood, and maximum parsimony (MP) trees were obtained by using MEGA (v. 4.1 Beta) (Center for Evolutionary Functional Genomics, The Biodesign Institute, Tempe, AZ) (Kumar et al. 2008 ) with a bootstrap number of 1,000. Maximum likelihood (ML) analysis was carried out by using PhyML (v. 3.0.1). The best-Þt model of nucleotide substitution, based on PhyML, was estimated by using jModelTest (v. 0.1.1) (Posada 2008) . Transversions are all assumed to occur at the same rate, but rates can be different for transitions. The transition/transversion (Ti:Tv) ratio for both purines and pyrimidines is 8.000.
A Bayesian phylogeny reconstruction procedure was applied to obtain posterior probabilities for nodes in the ML tree. The ModelGenerator (v 0.85) program (http://bioinf.may.ie/software/modelgenerator/; Bioinformatics Laboratory, National University of IrelandÐMaynooth, Maynooth Co., Kildare, Ireland) determined the substitution model for phylogenetic inferences. MrBayes (v. 3.1.2) Ronquist 2001, Ronquist and Huelsenbeck 2003) was run for two million generations, and trees were sampled every 100 generations. The best-Þt evolution model was then determined by the Akaike Information Criterion (AIC) using the MrModeltest (v. 2.2) program (Nylander 2004) , and the model of choice was HKY ϩ I. The AIC is a measure of the goodnessof-Þt of an estimated statistical model (Akaike 1974) . The last 9,000 trees were used to obtain the consensus tree and posterior probabilities. A cladistic analysis of L. lineolaris haplotypes inferred from DNA sequence data were carried out by using the TCS (v. 1.21) program (Clement et al. 2000) . The BLAST search program was used to search the sequence database of the NCBI internet server for DNA sequence similarity. A representative of each recovered 768-bp L. lineolaris haplotype was entered into GenBank as accessions GU810842Ð 810902.
For amino acid (AA) sequence comparisons, the 66-bp tRNA Leu2 region, excluding a 2-bp overlap with cox1, was trimmed and excluded from the 768-bp cox1-tRNA
Leu2
-cox2 sequence for all haplotypes. The remaining cox1 and cox2 coding regions were spliced, and the resulting 699-bp nucleotide sequence was translated.
Results

L. lineolaris mtDNA Phylogeny.
The cox1 and cox2 coding regions are separated by the tRNA Leu2 gene. A fragment of Ϸ1,503 bp was obtained using the mitochondrial primers C1-RLR and C2 through PCR ampliÞcation and cloning. NJ and maximum parsimony trees were obtained from the analysis of 27 L. lineolaris specimens. The NJ and MP trees had identical topologies and included two major clades (clades 1 and 2) with an additional outlier cluster (data not shown). Clades 1 and 2 are strongly supported with respective bootstrap numbers of 96 and 93 for NJ, and 88 and 83 for the MP tree. The 1,503-bp segment was too large for single-step sequencing. Therefore, new internal primers were designed within the 1,503-bp segment to ßank a region of high genetic variation (C1Ð 460 and C2Ð3541). The new PCR product was Ϸ900 bp long.
Sequence alignment of the 768-bp cox1-cox2 small fragments revealed 110 polymorphic positions, of which 41 (5.33%) were parsimony-informative, and 69 (8.98%) were singletons. The average nucleotide frequencies for A, C, G, and T were 41, 17, 10, and 32%, respectively. As has been recorded for other insects, nucleotide frequencies were strongly AT-biased, with L. lineolaris DNA being 73% AT. In total, 60 haplotypes were identiÞed among the 258 specimens studied (Table 1; Supp. Table S2 [online only]). The 768-bp fragment was analyzed using NJ, MP, Bayesian inference analysis (BA), and ML to ascertain the intraspeciÞc diversity of mtDNA in L. lineolaris. The NJ analysis of 60 L. lineolaris haplotypes resulted in a consensus tree consisting of clade 1, clade 2, and one outlier clade. The MP bootstrap consensus tree is shown in Fig. 3 . The MP heuristic search resulted in 552 most parsimonious unrooted trees. All had the same three terminal clades, but minor differences were observed among the clades. All trees had a length of 136, consistency indices (CI) of 0.852941, and retention indices (RI) of 0.926471. ML analysis (i.e., the TN93 model of nucleotide substitution generated by PhyML) of the 768-bp cox1-cox2 sequence data set yielded a tree with a Log-likelihood of Ϫ1981.09811. The associated Gamma shape parameter was 91.530 in eight substitution rate categories. The shape of the Gamma distribution determines the range of rate variation across sites. Small (e.g., 0.1Ð1.0) values correspond to large variability, whereas larger values indicate moderate to low heterogeneity. The Ti:Tv ratio for purines and pyrimidines and the proportion of invariable sites were 8.000 and 0.643, respectively. Overall, we conclude that the 768-bp cox1-tRNA
Leu2
-cox2 region examined in this study contained useful phylogenetic information for the taxonomic level being examined.
Although minor differences were observed between consensus trees generated by MP and ML analyses, the two methods generated similar topologies. ML analysis produced the same groups as MP for clades that had at least 50% bootstrap support. The ML heuristic search resulted in a nearly identical topology to the trees constructed using MP.
A BA, used to assess branch support, indicated that the majority-rule consensus BA tree (Fig. 4) was almost identical to the MP (Fig. 3) , NJ, and ML trees. This method provided higher support values for clades 1 and 2 (bootstrap ϭ 100). The NJ and ML consensus trees generated the same two clades, but the bootstrap numbers were lower (i.e., Ͻ50%; data not shown). All trees indicated a close phylogenetic relationship between L. lineolaris clades 1 and 2.
The TCS analysis generated a 95% CI parsimony haplotype network for the 60 L. lineolaris haplotypes using the variable sites in the multiple alignments (Fig.  5) . The phylogeny revealed by TCS is relatively shallow. The four common haplotypes (i.e., H001, H002, H004, and H008) are each surrounded by minority haplotypes. All of those haplotypes, except H080, are singletons that diverge from the common haplotypes by one to four substitutions. The common haplotypes H001 (haplotype frequency ϭ 0.3876) and H002 (fre- -cox2 region sequences (768-bp) using bootstrap (1,000 replicates). Bootstrap values Ͼ50% obtained through MP heuristic searches are reported at the appropriate nodes. Haplotype collection locations are provided under the location ID in Table 1 . Numbers in parentheses are total number of specimens belonging to respective haplotypes. Scale units are numbers of substitutions. quency ϭ 0. 155) are linked by a single substitution and connected to 25 low-frequency haplotypes. Together, they correspond to clade 1 and comprise 65% of the samples tested. Similarly, the common haplotypes H004 (frequency ϭ 0.15) and H008 (frequency ϭ 0.07) are connected by a single substitution and linked to 26 rare haplotypes. H004, H008, and their associated haplotypes make up clade 2 and this group accounted for 33% of the tested samples of L. lineolaris (Table 1) . This network showed the same two major clades and associated outliers generated by the NJ, MP, ML, and BA trees.
Haplotype H001 of clade 1 and H008 of clade 2 were separated by Þve substitution events (Fig. 5) . Four haplotypes were recovered that are intermediate between H001 and H008. Haplotype H116 differs from H008 by one substitution. H081 and H104 were both one substitution different from H001, but the substitutions were at different nucleotide positions (Supp. Several phylogeographic patterns of haplotype distribution among populations were recognized after comparing the haplotype network (Fig. 5) to Table 1 that shows the frequency and geographic distribution of haplotypes among the states and provinces. Haplotype H001 was the most abundant haplotype, and it was found throughout North America. This haplotype also represented 52.5% of all L. lineolaris specimens collected in the RRV, making it the most prevalent haplotype collected from that region (Table 1) . Haplotype H001 occurred at a frequency of 13.6% in the Gulf Coast and 13.5% within the Northeast region. Subclade 1A, which includes H001 and its nearest neighbors, was represented by 82 specimens collected from the RRV, 17 from the Gulf Coast, and seven specimens from the Northeast. About one half of the Subclade 1A unique haplotypes were collected from the RRV. Subclade 1B consists of H002 and surrounding haplotypes. Of 38 specimens belonging to H002, 32 (i.e., 84.2%) came from the RRV. Two representatives of H002 were obtained from the Northeast region; however, none were collected from Gulf Coast states. The remaining four H002 samples came from dispersed locations in the continent. For Subclade 1B, 77.7% samples came from the RRV, 6.6% from the Northeast, 2.2% from the Gulf Coast, and 8.8% from elsewhere.
Haplotype H008 belongs to Subclade 2A, and it was represented by 19 samples. This haplotype was found in all regions, but at higher frequencies in the Northeast and Gulf Coast regions. Five representatives (i.e., 26.3%) of H008 were collected from the Gulf Coast and Northeast regions, and three samples (i.e., 15.8%) were collected from the RRV. Five additional specimens were collected outside of these three geographic regions.
Haplotype H004 forms the center of Subclade 2B, and it was represented by 40 samples in this survey. This haplotype was found in all three regions. The Northeast region accounted for 15 (i.e., 37.5%) of the H004 samples, with specimens being collected in Connecticut, Ontario, and Vermont. Eleven (i.e., 24.4%) specimens of H004 came from the Gulf Coast region, nine (20%) were collected from the RRV, and Þve (i.e., 11%) came from other locations. Similar to H008, haplotype H004 was found at higher frequencies in the Northeast and Gulf Coast regions. The majority of unique haplotypes belonging to Subclade 2B were collected from the Gulf Coast region ( Fig. 5; Table 1 ).
Although the two clades were sympatric in all of the North American regions except Alberta, Canada, which only had clade 1, a geographic distribution pattern was evident. Clade 2 occurs in much higher frequency in the Northeast (i.e., 59%) and Gulf Coast (i.e., 70%) regions than in the RRV (i.e., 11%), and it was not detected in western Canada (Supp . Table S1 [online only]). A similar pattern of clade distribution was observed by Dr. Robert Foottit (Canadian National Collection of Insects, Arachnids and Nematodes, Ottawa, ON, Canada) who found the equivalents of both clades 1 and 2 in southern Ontario, but only observed clade 1 in central and northern Ontario (R.F., personal communication). Findings from the current study, combined with those of Foottit, suggest that L. lineolaris clade 1 is dominant in northern and western North America, whereas clade 2 is most common to eastern and southern portions of the continent.
Estimates of evolutionary divergence over sequence pairs within and between geographic groups are presented in Table 2 . The average evolutionary diversity (D) in all the L. lineolaris populations was 0.00631. Within-group divergence ranged from 0.00129 for the Northeast region to 0.00762 for the Gulf Coast. Divergence between the Gulf Coast and the Others group was 0.00623. Similarly, divergence between the Gulf Coast and RRV areas was 0.00683. The Northeast and Others groups had the highest intergroup divergence (i.e., 0.00938), whereas the lowest divergence levels were observed between the Northeast and Gulf regions (i.e., 0.01043) and between Northeast and the RRV (0.01028).
Estimates of net evolutionary divergence between groups of sequences are also presented in Table 2 . The lowest divergence (i.e., 0.00017) was observed among the Gulf, Others, and Northeast groups. Net divergence was marginally greater (i.e., 0.00061) between the Others and RRV groups, as well as between the Others and Northeast groups (i.e., 0.00068). Net divergence between the RRV and Northeast regions was slightly higher (i.e., 0.00260) than that observed between the RRV and Gulf Coast (i.e., 0.00179).
Average evolutionary diversity within the subpopulation and mean evolutionary diversity for the entire population were estimated at 0.00687 and 0.00631, respectively. The mean interpopulational evolutionary diversity was estimated at 0.00057. Interestingly, the proportion of interpopulation diversity was 0.08976.
The inferred translation products contained 234 AA, of which 10 positions (i.e., 4.27%) were parsimony informative, 35 (i.e., 14.95%) were singletons, and 45 (i.e., 19.23%) were variable and parsimony uninformative (Supp . Table S3 [online only]). The translation also revealed two substitutions that are most likely the result of PCR/sequencing errors. One substitution introduces an unacceptable cox2 start codon in H069. Other parsimony uninformative substitutions could fall in the same category, but are not easily recognized. The outlier cluster accounted for 93% (i.e., 14 of 15) of the informative sites. Phylogenetic trees based on the amino acid sequence did not provide bootstrap support for the two major clades observed at the nucleotide level (data not shown). Only the outlier cluster appeared to be retained in the amino acid trees. Glycine at position 217 was unique to clade 2 nucleotide haplotypes, but was insufÞcient to deÞne a clade at the amino acid level.
The RRV is a highly intensive agricultural production area, and it contained the largest number of collection sites for this study. The RRV data were analyzed separately to determine if a large regional sample yielded different results from the complete data set. Despite the reduced number of haplotypes and the strong bias toward haplotypes H001 and H002, the data for this region mirrored the overall results. All four analyses (i.e., NJ, MP, ML, and BA) resulted in trees with the same two monophyletic clades and highly similar topologies (data not shown).
In the current study, L. lineolaris specimens representing clade 1 haplotypes H001 and H002 were col- Sequence pairs within groups (bold diagonal), between groups (below diagonal), and net evolutionary divergence between groups (above diagonal).
lected on multiple hosts and within 12 states and provinces. Haplotype H001 plant hosts included members of the families Fabaceae, Chenopodiaceae, Amaranthaceae, Asteraceae, Lamiaceae, Malvaceae, Brassicaceae, and Poaceae. A smaller number of haplotype H002 individuals were found on members of four of the same plant families (Table 1) . For clade 2, haplotypes H004 and H008 were collected on members of Fabaceae, Polygonaceae, Brassicaceae, Malvaceae, Chenopodiaceae, Asteraceae, and Poaceae. Plant species on which individual specimens were collected can be found in Supplementary Table S1 (online only). No clade-related or haplotype host speciÞcity was observed.
Discussion
The results of this investigation revealed signiÞcant levels of mtDNA differentiation among L. lineolaris populations in North America. In the 258 individuals surveyed, 60 haplotypes were identiÞed for a 768-bp fragment of the cox1 and cox2 genes. Thus, there appeared to be sufÞcient variability in these collections for phylogeographic studies of L. lineolaris at the regional levels chosen for this study. Although our sampling efforts did not cover all of North America, the total known range of L. lineolaris (Schwartz and Foottit 1998) , we believe it is representative of regions within the speciesÕ range in which the highest population densitites occur and where it has achieved its most prominent pest status in the continent.
Sequence data from the mitochondrial cytochrome oxidase genes indicated that L. lineolaris contains two distinct evolutionary clades and a potential third outlier clade. The NJ, MP (Fig. 3) , BA (Fig. 4) , and ML analyses produced very similar topologies. The main difference among analytical techniques was in bootstrap support values. The NJ nucleotide analyses resulted into two well-deÞned clades, but no such pattern was generated in the NJ amino acid p-distance tree. The two clades were indicated by the NJ amino acid Poisson correction trees, but they lacked strong bootstrap support. The differences between the nucleotide and AA analyses most likely were observed because many nucleotide substitutions in the third codon position do not change the amino acid.
Haplotype distribution indicates the existence of geographically based genetic variation from the northern plains areas to eastern and southern portions of North America. The majority of haplotype H001 individuals came from the RRV. Among the 82 RRV samples belonging to Subclade 1A, 72 were haplotype H001. Subclade 1B was predominately haplotype H002, with the majority (i.e., 34 of 37) of haplotype H002 samples originating from the RRV region (Supp. Table 3 ). Thus, there is a substantial geographic differentiation in the distribution of the two major L. lineolaris clades in North America.
The most abundant haplotype, H001, is a good candidate for possibly serving as the most ancestral haplotype of this species for several reasons. For example, H001 was found in 10 of the 17 states and provinces sampled. It also was collected from the largest number of hosts in our sampling activities from 2003 to 2008. Additionally, it is the dominant haplotype in the northwestern portion of our sampling range. This observation is consistent with the contention of Schwartz and Foottit (1998) who hypothesized that Lygus originated in Asia, migrated to northwestern North America, and speciated while spreading from west to east across the continent. Also supportive of their suggestion is the fact that there are more Lygus species in western areas of North America than in the east. It is reasonable to expect that the most ancient haplotypes of L. lineolaris would be most numerous near the point of origin or entry of the species (Schwartz and Foottit 1998) . New haplotypes with limited distribution would most likely have arisen after dispersal. It is not possible to rule out H002 as a potential ancestral or co-ancestral haplotype, although it appears to be less widely distributed than H001. The overall haplotype distribution could be an indication of recent expansion of a population from one or a small number of founders (Ball et al. 1988 , Merilä et al. 1997 , Avise 2000 .
The nested clade TCS analysis detected restricted gene ßow with isolation by distance in Subclade 2A, 4, 8, 11, 12, 40, 65, 67, 68, 70, 75, 76, 84, 87, 88, 97, 117, 118, 119, 120 restricted gene ßow with long distance dispersal for clade 1, and long-distance colonization for clades 1 and 2. The analysis also detected restricted gene ßow with some long-distance dispersal events for Subclade 2A, which mainly includes haplotypes from the Gulf Coast region (Fig. 3) .
Results from this study indicate that RRV populations of L. lineolaris are less geographically restricted and encompass more variants or more migration to other regions than those inhabiting the other two geographic regions. The Þndings also suggest that the L. lineolaris populations we assessed are not panmictic (i.e., do not have a high gene ßow rate). Additionally, the possibility that PCR artifacts or sequencing errors could have resulted in the large number of singleton haplotypes cannot be ruled out. One example of this has already been pointed out. It also should be noted that the collections conducted for these assessments may not be adequate in relation to sample size, or geographical extent to create a complete picture of L. lineolaris genotypic dispersal. Our Þndings demonstrate the existence of genetic variation among specimens collected from widely disparate geographic regions within North America; however, we cannot ascertain whether this variation is of a clinal nature or has resulted from some undetermined barrier-or patch-related phenomenon. Although there are no published data that provide evidence for the existence of L. lineolaris subspecies or cryptic species, our molecular results suggest that further investigation of this issue may be warranted.
The Þve apparent L. lineolaris individuals that consistently grouped in an outlier position call attention to problems associated with Lygus taxonomy. The morphological characters used to distinguish Lygus species are an array of subtle, overlapping metrics that can be difÞcult to apply (Schwartz and Foottit 1992) . Several of the individual specimens were examined by recognized Lygus expert Dr. Michael D. Schwartz (Agriculture and Agri-Food Canada, Systematic Entomology, Ottawa, ON, Canada), who concurred with our morphological identiÞcations of L. lineolaris. However, genetic barcoding of several of the outlier specimens indicated that the sequences were very similar to those acquired from L. elisus (R.L.R, unpublished data). It cannot be determined if these individuals became part of the dataset as a result of taxonomic misidentiÞcation, interspeciÞc hybridization, or nuclear insertions of mitochondrial DNA (NUMTs). Congruence between conventional morphology-based taxonomy and mtDNA sequencing for the genus Lygus is not perfect. Until these issues are resolved, it may be most appropriate for these genotypes to be set aside and excluded in the overall L. lineolaris genetic base. Schmidt and Sperling (2008) described an extreme case of discordance between mtDNA geneology and morpho-speciÞc taxonomy in tiger moths of the genus Grammia. High mtDNA divergences were observed within species, and speciÞc haplotypes were shared by up to four species. It was postulated by Schmidt and Sperling (2008) that the best explanation for these differences is hybridization that results in mtDNA introgression. The possibility of cryptic species within the genus Lygus cannot be overlooked, but the expectation would be that a cryptic species would possess a new group of sequences rather than the sequences carried by currently identiÞed species.
In the current study, L. lineolaris specimens were collected from a diverse set of plant species from multiple families; however, no consistent host plantassociated preferences were observed among the two identiÞed L. lineolaris clades. Moreover, individuals representing both clades were frequently collected from the same plant species. This Þnding is in agreement with many previous observations on the polyphagous habits of L. lineolaris (Young 1986 , Charlet 2003 , Boetel et al. 2005 . Host plant associations for haplotypes also varied according to geographical locations, but this seemed to correlate more closely with geographical ranges of the host plants than L. lineolaris host preferences. For example, cotton is not available as a host in the RRV region, and sugarbeet is not grown in Mississippi. Our Þndings on host relations should be interpreted with discretion, however, because this research was not aimed at measuring host suitability differences or the extent of host species exploitation by L. lineolaris clades or individual haplotypes.
